Abstract. Polar cap absorption (PCA) events recorded during November 2001 are investigated by observations of ionospheric absorption of a 30 MHz riometer installed at Terra Nova Bay (Antarctica), and of solar proton flux, monitored by the NOAA-GOES8 satellite in geo-synchronous orbit. During this period three solar proton events (SPE) on 4, 19 and 23 November occurred. Two of these are among the dozen most intense events since 1954 and during the current solar cycle (23rd), the event of 4 November shows the greatest proton flux at energies >10 MeV. Many factors contribute to the peak intensity of the two SPE biggest events, one is the Coronal Mass Ejection (CME) speed, other factors are the ambient population of SPE and the shock front due to the CME. During these events absorption peaks of several dB (∼20 dB) are observed at Terra Nova Bay, tens of minutes after the impact of fast halo CMEs on the geomagnetic field.
Introduction
In the 1940's and 1950's the emissions of solar protons associated with solar flares, as particles in many cases, leave the Sun within a few minutes after the solar flare's maximum (Cane et al., 2002) . Recently, the role of Coronal Mass Ejections (CMEs) in producing major solar proton emission was emphasised to the point that a small group of solar particle physicists consider major solar proton events (SPE) to be completely independent of flares (Kahler, 2001; Reames, 1999) . But Cane (2003) observed that particles with energies above 25 MeV are consistent with a population of flare particles in major SPEs, whereas particles events associated with fast shocks, driven by fast CMEs, have the highest intensity below 20 MeV. The occurrence of SPE during minimum solar activity is very low, while in active Sun years, especially during the falling and rising phase of the solar cycle, the SPEs may average one per month.
It is well recognised that these solar particles have prompt and nearly complete access to the polar atmosphere via magnetic field lines interconnected between the interplanetary medium and the terrestrial field (van Allen et al., 1971) . Consequently, they cause excess ionisation in the ionosphere, particularly concentrated in the polar cap, which, in turn, leads to an increase in the absorption of HF radio waves, termed polar cap absorption (PCA).
The ionisation occurs at various depths which depends on the incident particle energies, so that the ionisation in the D-region during PCA events is due mainly to protons with energy in the range of 1 to 100 MeV that corresponds to an altitude between 30-80 km (Ranta et al., 1993; Sellers et al., 1977; Collis and Rietveld, 1990; Reid, 1974) . Particles with even greater energies (>500 MeV) are recorded on the ground by a cosmic-ray detector; these events are called Ground Level Enhancement (GLE) (Davies, 1990) .
The major PCA events are associated with solar flares located on the side of the solar central meridian towards which the Sun rotates, that is, on the west side. It has also been found that the delay between flare outbreak and the start of a PCA depends mainly upon the heliographic latitude (Ranta et al., 1993) . The boundary of the PCA region is typically between 60 • and 65 • geomagnetic latitude, while the durations of PCAs vary from a few hours to many days (Collis and Rietveld, 1990) .
A characteristic feature of PCA events is the large difference between day and night absorption intensities for constant precipitating fluxes of solar particles. A day-to-night ratio in absorption intensities of around 4-8 is often observed during PCA events (Stauning, 1996; Hargreaves et al., 1993; Ranta et al., 1995; Pietrella et al., 2002) . The most plausible explanation is a drastic increase in the effective recombination rate after sundown, i.e. when negative ions can exist and positive ions are mostly in the form of clusters which have much larger recombination rates than molecular ions usually found at higher altitudes, and during the day lowering the density of free electrons which cause ionospheric absorption. Speculations that the particles causing PCA were protons of solar origin were suggested before they could be verified by in situ experiments (Reid and Collins, 1959) . Modern instruments carried on geostationary satellites are now able to provide continuous measurements of solar particles fluxes and their energy spectra. Routine monitoring of ionospheric absorption is possible since the riometric technique was introduced (Little and Leinbach, 1959) . This instrument measures the amount of cosmic noise absorbed by the ionosphere at operating frequencies in the range 20-50 MHz.
During daytime when PCA event ionisation conditions exist, the dependence of electron density N e on ionisation rate q is relatively simple; an excellent correlation has been observed between simultaneous measurements of HF absorption and proton fluxes. This prompted the development of empirical formulas connecting these two quantities for estimating one from the other when only a single measurement is available. When a daytime PCA occurs the absorption A (measured in dB) should be proportional to the square root of the proton intensity, A∼J 1/2 (van Allen et al., 1964 , Patterson et al., 2001 ).
In the current solar cycle 23 there occurred five severe SPEs (>10000 pfu; pfu=particle flux units), five strong (>1000 pfu), 19 moderate (>100 pfu) and 43 (>10 pfu) minor intensity. Ranta et al. (1993) found that only the medium to strong events (>100 pfu) lead to appreciable variations in the absorption. In fact, SPE with pfu <100 result in variations of daily absorption below 2 dB.
Three PCAs recorded at Terra Nova Bay, and SPE events during November 2001 (daylight period) are investigated. Two of these SPEs are severe events and one is of minor intensity. Owing to the continuous daylight over Antarctica the absorption data considered here do not show any day/night changes.
A cross-correlation analysis is applied to the ionospheric absorption (1-min data) by 30 MHz riometer measurements and to the integral/differential solar protons flux (5-min data) by the NOAA-GOES-8 satellite. In Sects. 2 and 3 the data analysis are described and the preliminary results are shown and discussed. Finally, discussion and conclusions are outlined in Sect. 4.
Observations
In November 2001 the riometers installed at the Italian station of Terra Nova Bay (TNB) in Antarctica (geographic coordinates: 74.69 • S, 164.12 • E; geomagnetic co-ordinates: 77.32 • S, 278.92 • E) recorded three PCA events.
A solid state riometer (La Jolla; Chivers, 1975) , at 30 MHz, had been placed at TNB in November 1994, to measure the cosmic noise coming from the outer space. The 30 MHz measure is sampled every 1 min. For calculating the ionospheric absorption it is necessary to determine the socalled Quiet Day Curve (QDC). The estimation of the QDC has been carried out first by taking into account the 85% of the maximum value of cosmic radio noise at every given sidereal time, and then by applying a Fourier expansion to these percentage values, in order to eliminate the data scattering at the same sidereal time (De Franceschi et al., 1997) . Beside the riometer data for investigating the PCA events we have also analysed magnetospheric and solar parameters.
For this scope the following data are taken into account: (Lukianova et al., 2002 ).
-The 5-min integral solar proton flux, defined as the solar proton flux greater than a threshold energy E 0 , and differential solar proton flux, defined as a solar proton flux with energy included between a lower and an upper limit. These data are derived by the NOAA GOES-8 satellite in geo-synchronous orbit recorded at seven different energy channels.
-Solar X-rays from 0.1-0.8 nm, measured by GOES-10 station with a 1-min sampling by the NOAA-GOES-10 satellite in geosynchronous orbit.
A full as possible description of PCA events is given which also considers the solar sources, as CMEs and flares, and the solar protons events linked to the PCAs. A list of these events and their characteristics is reported in Table 1 . The starting time of PCA is considered when the ionospheric absorption is greater than 0.5 dB, also the data about CME are obtained by SOHO's (Solar and Heliospheric Observatory) LASCO (Large Angle and Spectrometric Coronograph experiment) coronograph.
The temporal behaviour of both ionospheric absorption and differential proton flux is shown in Fig. 1 . X-ray flux Fig. 1 ). The proton flux enhancement begins at the highest energy band when the flare is still in progress. While the starting time of PCA is observed a few minutes later a proton flux enhancement in the band 84-500 MeV occurs, simultaneous with the band 15-82 MeV, 0.6-4.2 MeV and about 20-35 min after the solar sources (Fig. 2) . The arrows in Fig. 2 indicate the ambient intensity observed for the different solar proton energies just preceding the onset of the SPE. The PC index shows a moderate magnetic activity between 08:00-14:00 UT and between 16:00-18:00 UT. The ionospheric absorption beginning on 4 November decreased when four M Solar Flares (10 −5 ≤I<10 −4 W/m 2 ) occurred on 5 November. This is probably responsible for a further increase in the proton flux after 16:00 UT and a further increase is observed after 20:00 UT (Fig. 3) , whereas the PC has a fluctuating behaviour between 14:00-21:00 UT and definitively increases after 21:00 UT.
On 6 November an interplanetary shock due to the CME generated on 4 November is observed at 01:50 UT and as a probable consequence of this shock the maximum of the event is recorded around 02:00 UT and the PC reaches a value of 30 (Fig. 4 ). All energy bands show a proton flux increase around 02:00 and 03:00 UT, while another increase is observed between 04:00-06:00 UT, especially for the lower energy protons, and a decrease around 06:00 and 07:00 UT. After this peak the absorption starts to decline. The SPE and PCA decrease slowly, probably by a series of M solar flares occurring between 6-8 November (Fig. 1) , which have enhanced the solar proton flux and X-ray flux.
A moderate PCA began on 19 November and ended on 20 November (Fig. 5) . This event is characterised by a flare coming from the Sun's eastern hemisphere (Table 1) . Compared to the first event the ambient intensity of SPE is greater for the energy band 0.6-44 MeV (Fig. 5 ). At 17:00 UT on 19 November an interplanetary shock is observed, associated with the CME (halo 05:30) which occurred on 17 November and the protons with energies between 0.6 and 14.5 MeV show an increase between 18:00 UT and 20:00 UT. The highest energy band remains undisturbed. The ionospheric absorption further increases around 18:00 UT and the magnetic activity is disturbed, as indicated by PC values among 2.5 and 3.5 after 13:00 UT and up to 4 at 20:00 UT. Around 01:00 UT on the 20 November proton event, PCA and PC index reach their maximum (Fig. 5) . The third Solar Proton Event analysed here starts on 22 November and ends on 26 November (Table 1) . Compared to the first event the ambient intensity of SPE is greater for the energy band 0.6-14.5 MeV, in comparison to the second, for the energy bands of 0.6-4.2 MeV and 8.7-14.5 MeV (Fig. 6) . On 22 November protons with 84-500 MeV begin to grow after 21:00 UT, about 10 min after the first solar flare, whereas protons with energies between 0.6-8.7 MeV are undisturbed. The PC index shows a moderate magnetic activity. The PCA starts at 0:25 UT on 23 November, around 3 h later than a proton flux of higher energy and from 1 to 4 h after the solar sources (Fig. 7) . The PC is disturbed the whole day and reaches a value of 5 at 23:50 UT.
The PCA and SPE maxima on 24 November at about 06:00 UT are probably connected to a shock impacting the geomagnetic field at 05:40 UT (Fig. 8) . This shock comes from the interaction between two interplanetary shock waves by the two CMEs on 22 November (Table 1) . This interaction, plus the higher SPE ambient population at the time of the fast halo CME (Kalher, 2001), could be responsible for the enhancement of the peak intensity observed in the energy range 0.6-14.5 MeV (Fig. 6) . Compared to the first event the SPEs maxima are higher for the energy bands 0.6-8.7 MeV, for 8.7-14.5 MeV they are similar, while they are smaller for the highest energy band. The PC index indicates storm conditions between 06:00 and 08:00 UT with a maximum of 29.
Data analysis

Proton flux at commencement of PCA events
For estimating the proton energy band mainly contributing to the initial phase of PCA, a cross-correlation analysis between the ionospheric absorption A(t) and differential solar proton flux J 1/2 (t−τ ) for a different time delay (τ =0, −5, ...−60 min) is carried out for the two strongest events. In this analysis we use 5-min data of A and J between 16:55 UT and 17:55 UT (first hour of the absorption) of 4 November. A(t) is well correlated with 84-500 MeV solar protons with a delay between 0 and 30 min. The highest correlations r are found for the energy band 84-200 MeV (r=0.99) and for 110-500 MeV (r=0.98) for a time delay equal to 5 to 15 min, while the correlation peak related to the energy band 0.6-4.2 MeV is recorded for τ =0 (r=0.98) (Fig. 9) . Hence, the starting phase of the absorption is due mainly to 84-500 MeV and 0.6-4.2 MeV.
For the event of 23 November A and J data between 0:25 UT and 1:25 UT (first hour of PCA) are considered. On 23 November (Fig. 10) , protons of 15-44 MeV mainly contribute to the absorption for τ =−210, ..., 0. For the energy band 110-500 MeV the correlation coefficient is ≥0.9 for τ =−205, ..., −195 min (Fig. 10) . In this case the starting phase of the absorption is due mainly to protons with energies between 15-44 MeV.
Proton flux throughout the PCA event
The daily impact of the differential solar proton flux on the lower ionosphere is also investigated. A correlation analysis is then applied between A and J 1/2 hourly means along the days marked by the three SPE/PCA events. The results are presented in Table 2 .
On 4 November a very high correlation (r≥0.9) is found for the protons with energies between 0.6-200 MeV, with a peak in the range 15 to 44 MeV, whereas 110-500 MeV protons don't seem to be correlated with the absorption. On 5 November the correlation is quite high (r=0.73-0.84) only for the energy band 4.2-14.5 MeV. For the day of the maximum (6 November), the correlation is very high for the entire energy band (r=0.92-0.98) and the peak is in the range 4.2-14.5 MeV (r=0.98). After the maximum of the absorption, the correlation slowly decreases, depending on the different protons energies. During the entire event (4-9), the main contribution is from protons with energies 4.2 to 82 MeV penetrating to altitudes between 80 and 40 km.
From 19 to 20 November protons with lower energies (0.6-14.5 MeV) are mainly involved, indicating that the absorption is produced principally at a higher altitude region than in the previous case (>70 km). The daily correlation for 23 November results >0.9 for 0.6-44 MeV protons, while on the peak day (24 November) the results show r>0.9 for the energy band 4.2-44 MeV (Table 2) . During the entire event (23-26), the main contribution was from protons with energies of 4.2-14.5 MeV. It means that the primary contribution to the PCA arises from ionospheric regions between 80 and 60 km.
From the analysis of cross-correlation and the correlation between A and J 1/2 it can thus be argued that for the first event the starting phase of the absorption is due to protons of 84-500 MeV and 0.6-4.2 MeV (Fig. 9) , whereas only in the later phase, between 19:00 UT and 20:00 UT the other channels go into action (see Fig. 2 ). For the third event the protons of 15-44 MeV contribute mainly to the beginning of PCA, whereas the protons with energy 4.2-14.5 MeV begin to enhance in a successive phase.
3.3 Testing the relationship between absorption and proton flux during the PCA event These good correlations led us to apply a linear fit to the absorption and the square root of integrated solar proton flux, providing a reasonable empirical relationship (e.g. Potemra, 1972) . The slope m and the correlation coefficient r are determined using the hourly averages of integral solar proton flux. The best correlations are found for J >5 MeV (r=0.97) with m=0.11 dB(cm 2 s) 1/2 and for J >10 MeV (r=0.99) with m=0.14 dB(cm 2 s) 1/2 . Figure 11 shows the computed absorption, the observed absorption and the residuals (observed-calculated) for the three PCA events combined into a single time series. Notwithstanding these higher correlations on some occasions, the computed absorption underestimates the observed values, whereas at other times it is overestimated. Most of the residuals fall within ±0.5 dB, for J >5 MeV the residual percentage is 61% while for J >10 MeV it is 80%. For the residuals exceeding ±1 dB, when the computed absorption overestimates the observed absorption, the percentage for J >5 MeV is 34% while for J >10 MeV it is 2%. In the case for which the computed absorption underestimates the observed absorption, the percentage for J >5 MeV is 5% while for J >10 MeV it is 4%. So the residuals calculated for J >10 MeV are smaller than those obtained for J >5 MeV. In particular, the overestimation of the observed absorption is significant in the case of J >5 MeV. The poorest results are obtained for high solar proton fluxes, in particular on 5 November, for which residuals range between 2.5 and 2.8 dB. The low correlation found between the differential solar proton flux and ionospheric absorption (Table 1) is confirmed by these high residuals. For example, the overestimation (∼−2.5 dB) obtained with J >10 MeV is poorer than that obtained for J >5 MeV (∼−1.2 dB), because in this second case it is inserted into the energy band 4.2-8.7 MeV for which there was found the best correlation (Table 1) . A reason for the overestimation could be the occurrence of solar radio emission, whereas for the underestimation an X-ray increase is probably responsible; four solar flares of class M occurred, and the high geomagnetic activity has caused an enhancement of the absorption. The second case for which the errors are significant is between 23 and 24 November for which the residuals (∼2 dB) are positive; the associated geomagnetic activity suggests that softer particles were also involved, enhancing the observed ionospheric absorption.
Discussion and conclusions
1. The SPEs on 4 November and 22 November are among the dozen most intense events since 1954, with peaks of integrated solar protons flux (J >10 MeV) of 31 700 and 18 900 counts/cm 2 ·s·sr. They are associated with large solar flares (X1 and M9.9) originating from the Sun's western hemisphere and with high CME speeds. Unlike these great events, the SPE linked to the solar flare of 17 November is less intense (J =34 counts/cm 2 ·s·sr). The peak intensity of an SPE depends on several factors, one of which is the CME speed. The CME of 4 November has a speed of 1810 km/s, which suggests that it can produce an intense SPE. The CMEs of 22 November -on the other hand -have a speed of about 1440 km/s, but probably the enhanced ambient SPE population that can be observed in the energy band between 0.6-44 MeV and the interaction of the two CMEs contribute to the enhancement of the peak intensity in the energy bands 0.6-14.5 MeV. The impact of CME with the geomagnetic field for the two events corresponds to the peaks of PCA and of the magnetic activity (PC index). The less intense SPE has a softer spectrum due to the solar source at eastern longitudes, which also results in longer time delays (∼2 days) between the beginning of the SPEs and the solar flares, than in the other two events.
2. The 4 November event, when also a Ground Level Enhancement (GLE) was recorded (Richardson et al., 2003) , shows a harder spectrum than the 22 November SPE. This is also supported by the protons' energies which contribute predominantly to the absorption. So the starting phase of the absorption for the first event is due mainly to 84-500 MeV and 0.6-4.2 MeV, with a time delay of 15, ..., 0 min and a correlation around 0.98, whereas for the second event the starting phase of the absorption is mainly due to protons with energies between 15 and 44 MeV with τ =−210, ..., 0 min and a poorer correlation compared to the earlier event (r∼0.90). Considering the entire period, the main contribution of the event of 4 November is due to protons with energies from 4.2 to 82 MeV penetrating to altitudes ranging from 80 to 40 km. For the event of 19 November the main contribution comes from protons with energies 0.6 to 8.7 MeV. This means that the primary contribution to the PCA arises from an ionospheric region >70 km. On the other hand, on 23 November, the main contribution is from protons of 4.2 to 14.5 MeV penetrating to altitudes between 80 and 60 km.
3. The empirical relationship between proton flux and riometer absorption A∝J 1/2 is applied for J >5 MeV and J >10 MeV. The best correlations are found for J >5 MeV (r=0.97) with m=0.11 dB(cm 2 s) 1/2 and for J >10 MeV (r=0.99) with m=0.14 dB (cm 2 s) 1/2 . The residuals calculated for >10 MeV are smaller than those obtained for J >5 MeV and they exceed ±1 dB in 6% of the cases. One factor is due to the chosen threshold (E=10 MeV) for which significant contributions by the lower energy protons are neglected. The others factors which may affect the result could be due to the overestimation by the occurrence of solar radio emission, whereas for the underestimation the X-ray increase and the high geomagnetic activity have probably caused an enhancement of the absorption.
